Transparency perception is recognized as one of the important phenomena to understand the computational mechanism of early visual system. Transparency perception indicates that a simple theory reconstructing a single-valued field of a visual attribute, such as an optical-flow field, cannot model the neural mechanism for the human visual system and raises a fundamental issue of how visual attributes are represented and detected in the brain. It is considered that one of the important cues to reveal the neural encoding mechanism for overlapping surfaces is the perceptual cost in transparency perception. It has been known that the perceptual performance in motion transparency is worse than that expected from single motion perception. This perceptual ''cost" would reflect the encoding strategy for transparent motions. Here we present a systematic study comparing the perceptual costs in motion transparency evaluated by two performance measures. The result showed that the properties of the perceptual costs varied with the performance measures. The perceptual cost evaluated by the motion detection threshold became smaller as a directional difference between overlapping motions increased, whereas the cost examined with the precision of directional judgments became worse. A computational analysis suggests that these contradictory results cannot be explained by a simple population coding model for motion directions.
Introduction
In recent years, the neural mechanism for motion transparency has been studied intensively. Many experimental studies for motion transparency employed random-dot kinematograms (RDKs) as stimuli. Fig. 1a shows a schematic illustration of a standard RDK. All dots in this display are located randomly and move in the same direction. From this type of motion stimuli, observers can perceive a single global motion direction. On the other hand, when two dot patterns moving in different directions are overlapped as illustrated in Fig. 1b , what motion perception occurs? In this case, observers perceive two overlapping motions simultaneously in the same region of a visual field. This transparency perception suggests that a simple computational theory that reconstructs a single-valued optical-flow field cannot model the motion encoding mechanism in the brain. Motion transparency argues that the brain can naturally deal with overlapping motions and raises a fundamental issue of how the visual motions are encoded in the brain.
It is considered that one of the important cues to reveal the representation and detection mechanisms for overlapping motions is the perceptual cost for motion transparency. It has been known that the perceptual performance in motion transparency is worse than that in single motion perception. The declines in perceptual performances in transparency situations have been reported with a variety of psychophysical measures, e.g., discrimination thresholds (Edwards & Greenwood, 2005; Greenwood & Edwards, 2006; Wallace & Mamassian, 2003) , precisions for directional judgments (Braddick, 1997; Braddick, Wishart, & Curran, 2002) , contrast thresholds (Lindsey & Todd, 1998) , and luminance thresholds (Mather & Moulden, 1983) . This perceptual ''cost" for motion transparency would reflect the encoding property for overlapping motions.
It should be noted that, because the perceptual performances in motion transparency are affected by the perceptual errors in two or more perceived motions, we cannot simply compare the performances in transparent and single motion perceptions. Braddick (1997) measured the precision of the directional judgment for a single motion experimentally, and calculated the expected performance level in transparency situations by assuming individual motions were detected independently. Comparing the expected and the experimentally obtained precision in transparent motions, he found that the perceptual performance in motion transparency is worse than that predicted by the single motion perception.
In the present study, we carried out psychophysical experiments to compare the properties of the perceptual costs evaluated with two performance measures, i.e., the precision for directional judgment and the threshold for motion detection. Regan and Beverley (1985) argued that the most influential element for detec-tion thresholds was the most excited neurons in populations, while relative changes of population profiles were responsible for precisions. In other words, detection thresholds and precisions would reflect different aspects of the same population activities. Therefore, by comparing two performance measures, we can examine how neuronal populations encode visual features in detail. Regan and Beverley studied how line orientations were encoded in the brain. The conceptual basis of the present study is identical to them, and the important outcome of our paper is we applied this concept to investigate the cost for motion transparency.
As described previously, the declines in perceptual performance in transparency situations were reported with various performance measures. However, because these results were obtained with different stimuli and procedures, we cannot simply compare them. In the present study, we measured the detection threshold and the precision for transparent motions with the same parameters. In addition, in each experiment of the present study, we tested the effect of the directional difference, or angle, between overlapping motions. As discussed in detail in a later section, a simple population coding model for motion directions predicts that the perceptual performance in motion transparency depends on the directional difference. The experimental result showed that the perceptual cost evaluated with the detection threshold was consistent with the model performance, and it is suggested that the cost would be caused by the encoding ability of the population of motion detection neurons. On the other hand, the perceptual cost evaluated by the precision was inconsistent with the model prediction. These contradictory results suggest that the perceptual cost cannot be explained by the encoding property of a simple population model.
Experiment 1: precision
In Experiment 1, we employed the precision, or the standard deviation (SD), of the motion direction discrimination as a measure of the perceptual performance.
Let us consider the case that we see an RDK all dots in which move to a direction h as illustrated in Fig. 2a . It is considered that the perceived directionĥ is not always identical to the actual direction h, and a perceptual errorĥ À h should occur in each trial. Therefore, as illustrated in Fig. 2b , the distribution of the perceived directionĥ should have a certain width. A small width indicates that the direction discrimination is precise, whereas a large width means that the discrimination is imprecise. Therefore, we can evaluate the precision of the direction discrimination with the SD of the distribution ofĥ.
We can obtain the SD of this distribution experimentally. Modeling the distribution with Gaussian
the probability that perceived directionĥ is smaller than another direction x is given by the cumulative Gaussian as follows:
Therefore, carrying out an experiment that requires observers to compare the perceived directionĥ and a test direction x, we can obtain the SD by fitting the psychometric functions, modeled by the cumulative Gaussian FðxÞ, to the experimental data. Braddick and his colleagues examined the perceptual cost for motion transparency with the SDs of directional judgments (Braddick, 1997; Braddick et al., 2002) . The conceptual basis of the present experiment is identical to Braddick's one. The major difference between Braddick's experiments and ours is the procedure to test the dependence of the perceptual cost on directional differences between overlapping motions. Braddick et al. (2002) employed the method of adjustment. In their Experiment 2, observers were required to adjust the orientations of two lines to their perceived directions, and the SD of the adjusted orientations was employed as a measure of the precision. In the present experiment, we employed the method of constant stimuli, that is, observers were required to compare directional differences between a standard and a test stimulus, and the precision was derived from the slope parameter of the psychometric function. However, it is expected that this procedural difference would not produce qualitative difference in experimental results.
The purpose of the present experiment is to provide the precision data that can be compared with the perceptual cost evaluated by motion detection thresholds. As described in Section 1, previous studies reported the declines in perceptual performances in motion transparency with various psychological measures. However, these works did not compare the properties of the transparency costs evaluated with different psychological measures. Comparing two performance measures is important for investigating how the brain encodes visual information, because each performance measure would reflect a different aspect of neural representations. Therefore, in the present experiment, we examined the property of the transparency cost evaluated with precision by using the same stimulus parameters as the detection threshold experiment described in Experiment 2.
Method

Apparatus
All experimental stimuli were generated by an ELSA Quadro FX3000 graphic board and presented on a NANAO T766 CRT monitor at a viewing distance of 100 cm. The spatial resolution of the monitor was 49.9 pixels per degree of visual angle, and the frame rate was 120 Hz. During the experiments, observers were seated in front of the monitor with their heads supported by a chin-rest and viewed the stimuli binocularly. The experimental room was darkened, but the light from the monitor provided dim illumination.
Observers
Three observers were participated in the experiment; one was the author (NS), and the others were naive to the conceptual basis of the experiment. All had normal or corrected-to-normal visual acuity.
Stimuli
Each stimulus consisted of a red fixation dot and an RDK plotted within a circular area of a diameter 7.83°. The fixation dot was located at the center of the circular area and was presented throughout a session. An RDK was composed of 245 randomly positioned dots, resulting in a dot density of 5.1 dots/deg. All dots moved at a speed of 5 deg/s.
In each trial, two RDKs were presented sequentially. Each RDK was presented for 400 ms, and the inter-stimulus interval was 500 ms (see Fig. 3 ). These two RDKs were a standard and a test stimulus and were presented in random order. In both RDKs, a half of dots moved in one direction coherently, and another half in a different direction. Therefore, observers perceived motion transparency from both RDKs. The angle between overlapping motion directions in the standard RDK was fixed at 30°, 60°, 90°, 120°, or 150°throughout a session. The angle in the test stimulus slightly differed from the standard stimulus. In each trial, the angular difference between the two RDKs was selected randomly from 11 levels between À25°and +25°in a step of 5°. In each trial, observers were required to compare these two angles. In order to avoid a possibility that observers judged which interval had a greater angle only by using one of two overlapping motions, the mean direction of overlapping motions varied at random within a range of AE15 (0°means a rightward direction).
We also carried out single motion trials to obtain the expected performance level of motion transparency. In this experiment, all dots in RDKs moved in a single direction. The direction of a standard stimulus was selected at random within a range of 45 AE 15 . The direction difference between a standard and a test stimulus was selected from nine different levels between ±12°in a step of 3°.
Procedure
A two-alternative forced choice (2AFC) procedure with the method of constant stimuli was employed. To test the perceptual performance in motion transparency, it is necessary to make observers perceive two overlapping motions simultaneously. Therefore, as described previously, observers were required to judge directional differences between overlapping motions (Braddick, 1997; Braddick et al., 2002 ). The observers' task was to indicate which interval had a greater directional difference. All observers carried out 50 trials per angular difference level between the standard and the test stimulus. Therefore, 550 trials were carried out to obtain a precision in one directional difference condition.
The precisions of the joint-directional judgments were derived from the slope parameters of psychometric functions. Psychometric functions were fitted with psignifit version 2.5.41, a software package that implements the maximum likelihood method described in Wichmann and Hill (2001) . We employed the cumulative Gaussian function as a psychometric function. The parameter r in Eq. (2) determines the slope of the function. A steep function, or a small r, indicates that the precision of the joint-directional judgment is high. However, in the present procedure, r is not identical to the SD of the joint-directional judgment in a transparent stimulus, because r was affected by perceptual errors in two stimuli presented sequentially in each trial. Assuming that the directional differences in the two stimuli were judged independently, and the precision s for each judgment was the same, we can find the relationship between r and s as follows:
Therefore, the precision s can be derived by s ¼ r= ffiffiffi 2 p . In the single motion task, observers were required to report which interval had a more upward direction. The precision of single direction discrimination was derived by the same procedure as the transparency task. Fig. 4 shows the examples of experimentally obtained data and fitted psychometric functions. As shown in Fig. 4 , psychometric functions were well fitted to the data. The psychometric function in the single motion task (Fig. 4a) was the steepest among all conditions. In the transparency conditions ( Fig. 4b-f) , the fitted functions were flattened when the directional difference increased. Fig. 5 shows the average precisions for three subjects. The precisions were derived from the slope parameters of the psychometric functions. The black and dark gray bars in Fig. 5 represent the precisions of single and transparent motion discriminations, respectively. To compare the SDs in transparency and single motion conditions, Braddick and his colleagues derived the expected performance level in transparency conditions from the precision in the single motion condition (Braddick, 1997; Braddick et al., 2002) . Assuming that each motion direction in transparent stimuli, h 1 and h 2 , is detected independently and that the perceived directions,ĥ 1 andĥ 2 , obey Gaussian distributions, the SD of the jointdirectional judgmentĥ 1 Àĥ 2 is given by ffiffiffi 2 p s, where s is the SD of each directional judgment. If the precision of the individual motion judgment s equals to the precision of the single motion task (3.7°), the expected precision in motion transparency can be derived as ffiffiffi 2 p Â 3:7 2 ¼ 5:2 . Both the light gray bar and the broken line in Fig. 5 represent the predicted precision derived with the above mentioned method. Experimentally obtained precisions for motion transparency were worse than the expected precision from the single motion task. The differences between predicted and actual precisions correspond to the perceptual costs for motion transparency. The perceptual costs were observed when directional difference between overlapping motions were greater than 30°, and the precision of the joint-directional judgment became worse as the directional difference increased ðF 4;8 ¼ 16:6; p < 0:01Þ. Note that, because the stimulus durations were set at 400 ms, there was a possibility that eye movements affected the measured precisions. It is a possible concern on the expected performance level derived from the results of the single motion trials. Therefore, we should not discuss the transparency cost quantitatively. However, this would not be a problem on the transparency trials, since observers could not move their eyes in two different directions. Therefore, the effect of the directional difference on transparency perception is reliable. The present result was consistent with that of Braddick et al. (2002) qualitatively, although the experimental procedures are different each other.
Result
In the next section, we examine whether the similar effect of directional differences is observed when the motion detection threshold is employed as a performance measure.
Experiment 2: detection threshold
In Experiment 2, we measured the perceptual performance in motion transparency by employing the threshold for motion detection as a measure and compare the result with that in Experiment 1.
Method
Stimuli and procedure
The detection thresholds for two overlapping motion detections were measured with a 2AFC procedure with the method of constant stimuli. In each trial, two motion stimuli were presented sequentially (see Fig. 6 ). Both intervals had signal, or coherently moving, dots. One interval had two overlapping signal motions, and another a single motion. In addition, noise dots were added to both stimuli. Motion directions of noise dots were chosen from a rectangular distribution, covering the full 360°. In the present study, we defined the signal level as the proportion of one coherent motion. For example, in the single motion interval, a signal level of 20% indicates that 20% of dots moved coherently, and the rest of dots moved in random directions. On the other hand, in the transparency interval, each coherent motion was composed of 20% of dots, and 60% of dots were assigned as noise motions. In each trial, the signal level was selected randomly from 11 different levels from 0% to 40% in a step of 4%.
Observers were required to answer which interval contained transparent motions. The detection threshold was derived from the signal level leading to 75% of correct answers. Many psychophysical studies measured motion detection thresholds by presenting signal and noise-only intervals (e.g., Edwards & Nishida, 1999; Hibbard & Bradshaw, 1999) . In these experiments, observers The transparency tasks with 30-150°directional differences. In the transparency (single motion) task, The horizontal axis represents the angular (directional) difference of the test stimulus from the standard one, and the vertical axis represents the proportion that the observer reported the directional difference (motion direction) of the test stimulus was greater (more upward) than that of the standard one. were required to indicate which interval had a signal motion. However, when observers compare transparency and noise-only intervals, they would be able to indicate the signal interval correctly even if they could perceive one of two overlapping motions in transparency intervals. Similar to Experiment 1, in order to evaluate the perceptual performance in transparency perception, it is necessary to make observers perceive two overlapping motions simultaneously. Therefore, in the present experiment, we measured the signal level that observers could distinguish single and transparent motions (Edwards & Greenwood, 2005; Greenwood & Edwards, 2006) .
The angle between two overlapping motion directions in transparency intervals were fixed at 30°, 60°, 90°, 120°, or 150°through-out a session. When the angle was h , two directions of motions were set at AEh=2 . The direction in the single motion interval was selected randomly from two directions in transparency intervals. Therefore, even if observers could perceive one of two overlapping motions, they cannot distinguish the transparency and the single motion interval. All observers carried out 50 trials for each signal level, and 550 trials were required to obtain a detection threshold in one angle condition. To derive the expected performance level in transparency, the threshold for the single motion detection was also measured. In the single motion experiment, signal and noise-only intervals were presented sequentially in one trial, and observers were required to indicate which interval had a coherent motion. Signal levels were selected from nine different levels; six levels from 0% to 15% in a step of 4%, and three levels at 20%, 30%, and 40%.
Result
The result is shown in Figs. 7 and 8. Fig. 7 shows the data and psychometric functions for one observer. Fig. 8 shows the average thresholds for the three observers. The black and dark gray bars in Fig. 8 represent the thresholds for single and transparent motion detections, respectively.
Similar to Experiment 1, we calculate the expected performance level in transparency perception with the threshold of the single motion detection. Let p be the probability that observers can detect single motion at a certain signal level. If each motion in a transparent stimulus is detected independently, the probability of simultaneous detection of two motions should be p 2 . Therefore, at the threshold level in the transparency task, the relationship between the probability p 2 and the proportion of correct answers (0.75) is given by
where 0.5 means the chance level. In this case, the probability that observers can detect a single motion is p ¼ 1= ffiffiffi 2 p ¼ 0:707. Therefore, at this signal level, the correct rate in the single motion experiment is given by
In summary, the signal level leading to 85.4% correct responses in the single motion task equals to the threshold level in the transparency task if two overlapping motions are detected independently 1 (see Fig. 7a ). The light gray bar and the broken line in Fig. 8 represent the expected threshold for transparent motions. Experimentally obtained thresholds for transparent motions were higher than the predicted threshold with the result of the single motion task. Note that, as described in Experiment 1, there was a possibility that observers' eye movements affected the detection thresholds in single motion trials. However, given a focus on the detection thresholds of the transparency trials, the result showed a tendency that the detection threshold became smaller as the directional difference between overlapping motions increased ðF 4;8 ¼ 14:7; p < 0:01Þ. This property is opposite to that of the perceptual cost evaluated by the precision.
It should be noted that, in the case of 30°, the detection threshold suddenly decreased, and little transparency cost was observed. 1 Strictly speaking, it is necessary to consider the 'false alarm' response that observers falsely detect nonexistent signals. However, when the false alarm rate is greater than 0%, the correct rate in the single motion task that corresponds to the threshold level in the transparency task is smaller than 85.4%. Therefore, at least the thresholds in transparency condition were greater than the signal level leading to 85.4% correct answers in the single motion task, we can conclude that there were perceptual costs for motion transparency.
Therefore, the transparency detection mechanism would make little contribution to distinguish two intervals in this case. There is a possibility that, when the directional difference of two overlapping motions was 30°, observers perceived the transparent motion as a global-flow motion. The global-flow motion stimuli are composed of moving dots individual directions of which distribute broadly and produces a percept of single global motion in a mean direction (Williams & Sekuler, 1984; Watamaniuk, Sekuler, & Williams, 1989; Watamaniuk & Sekuler, 1992) . If observers could perceive the transparent stimulus as a global-flow motion, they could distinguish two intervals by comparing bandwidths of these stimuli, rather than by detecting transparent motions. Watamaniuk and Sekuler (1992) and Williams et al. (1991) examined the perceptual properties concerning global-flow motions, and both their result supported that, when the distribution of motion directions was smaller than 30°, observers could integrate individual motion directions and perceived the stimulus as a global-flow motion.
The results of Experiments 1 and 2 indicate that the perceptual costs for motion transparency depends on the directional difference between overlapping motions. However, these results had the opposite properties. The result of Experiment 2 showed that observers could easily detect transparent motions when the directional difference between overlapping motions increased, whereas, as shown in Experiment 1, the precisions of directional judgments were getting worse. Are these contradictory results consistent with the encoding property of motion detection neurons? In the next section, we construct a simple population coding model with well-known physiological characteristics of motion detection neurons, and examined whether the experimental results can be interpreted with the encoding property of model neurons.
Comparison with a simple model
The experimental results showed that the perceptual costs for motion transparency depended on the directional differences between overlapping motions. However, this dependency varied with performance measures employed to evaluate the costs. In the present section, we examine whether the experimental results can be explained with the encoding property of the population of motion detection neurons (e.g., Pouget, Dayan, & Zemel, 2003; Seung & Sompolinsky, 1993) .
We employed a simple model for motion detection neurons with two well-known physiological properties. Physiological studies reported that the tuning curves of motion detection neurons in area MT were well modeled by Gaussian the width of which is about 90° (Treue, Hol, & Rauber, 2000) , and the responses to transparent motions could be approximated by the sum of the responses to individual coherent motions weighted by their proportions (Simoncelli & Heeger, 1998; Snowden, Treue, Erickson, & Andersen, 1991; Treue et al., 2000; van Wezel, Lankheet, Verstraten, Marée, & van de Grind, 1996) . Therefore, the response of neuron i to a single motion the direction of which is h can be modeled by f i ðhÞ ¼ qKe
where qð0 6 q 6 1Þ is the signal level, K þ B and B the maximum and the spontaneous firing rates, h i the preferred direction of the neuron i, and a the tuning width. Similarly, the response to two overlapping motions, h ð1Þ and h ð2Þ , is given by
Fig . 9 illustrates the examples of the population responses of the model neurons to single and transparent motions. The thick curves in Fig. 9a and b represent the canonical responses given by Eqs. (6) and (7). The dotted curves in Fig. 9b represent the responses to individual motions. In the case of overlapping motions, the population response equals to the sum of the responses to individual motions, and no well-defined peak appeared. The filled circles in Fig. 9 represent the examples of population responses with noises. The actual neuronal responses usually contain noise and varied stochastically. Therefore, the visual system has to decode motion signals with these noisy population activities. Modeling the stochastic responses with Poisson noise, the response r i of neuron i obeys the probabilistic distributions as follows: 
In the following sections, we measured direction estimation and motion detection performances with the population codes.
Estimation performance
Motion directions are estimated with the population response r ¼ ðr 1 ; . . . ; r N Þ as illustrated in Fig. 9 . When the direction difference between overlapping motions is relatively large, the population responses to individual motions have small overlaps, and the estimation performance would be equal to the expected level derived with a single motion performance. However, when the direction difference is smaller than the tuning width, there are great overlaps between the component responses, and no well-defined peaks corresponding to input directions are obtained. In this case, the estimation performance should be decreased. The performance in direction estimation can be evaluated by the lower bound of the SD of decoded directions (i.e., the square root of Cramér-Rao bound). Assuming that the responses of individual neurons in the population are independent, the square root of Cramér-Rao bound r 0 can be given by 
where J represents Fisher information. Fig. 10 shows the model precision, or the square root of Cramér-Rao bound, plotted as a function of the direction difference between overlapping motions. The model performance became higher as the directional difference increased. This model property is easy to understand, that is, estimating two overlapping directions from unimodal response is harder than estimating from bimodal responses. In the case of 180°, the responses to individual motions had small overlaps as illustrated in Fig. 10 , and the model precision was approximately equal to the predicted level derived from the performance of a single motion estimation. On the other hand, when the direction difference was 60°, the population response had only a single peak, and the precision became worse. Westheimer, Shimamura, and McKee (1976) investigated the precision of line orientation perception. They examined how the precision of orientation judgments for a target line was affected by distracters, i.e., surrounding lines the orientations of which were slightly different from the target. Their result showed that the precision was improved when the orientation difference between the target and distracters became greater. The model prediction is consistent with their result. However, the result of Experiment 1 showed that the precision in motion transparency had the opposite property.
Detection performance
Next, we consider the signal discrimination performance of the population coding model. We obtained the model threshold with a computer simulation the procedure of which was similar to Experiment 2.
In each trial of the simulation, two population activities r 1 ¼ ðr 1;1 ; . . . ; r 1;N Þ and r 2 ¼ ðr 2;1 ; . . . ; r 2;N Þ were generated. One is the response to transparent motions the directions of which are h ð1Þ and h ð2Þ , and another to a single motion the direction of which was selected randomly from h 1 and h 2 . Let Pðh ð1Þ ; h ð2Þ jr 1 Þ represent the probability that the population response r 1 encodes two overlapping motions. Similarly, let Pðh ð1Þ jr 2 Þ and Pðh ð2Þ jr 2 Þ be the probabilities that r 2 encodes a single motion the direction of which is h 1 and h 2 , respectively. By using these notations, the probability that the first interval in a trial has transparent motions is represented as (8) and (9). In the simulation, we considered 16 conditions of directional differences that were selected evenly within a range of 30-180°. In each direction difference condition, nine signal levels selected from 1% to 17% in a step of 2% were employed. A thousand trials were carried out for each signal level. The model thresholds, the signal level leading to 75% of correct answers, were obtained by fitting psychometric functions to the simulation results. Fig. 11 represents the model performance of transparent motion detection. Similar to Experiment 2, the greater the directional difference, the easier the transparency detection. The computer simulations suggested that, when directional differences between overlapping motions increased, the performances evaluated by both psychophysical measures should be improved. However, the result of Experiment 1 was inconsistent with the ability of the simple population coding model, whereas the cost evaluated by the detection threshold is in good agreement with the model property. Therefore, we cannot explain the perceptual cost evaluated by the precision with the encoding property of the simple population model.
Conclusion
In the present study, we carried out psychophysical experiments to compare the perceptual costs for motion transparency evaluated with two performance measures. The experimental re- The small panels in the graph represent the population profiles when the direction differences were 60°, 120°, and 180°. Fig. 11 . Detection performance of the population coding model. sults showed that the perceptual costs were affected by the directional difference between overlapping motions, and, more importantly, the effect was varied with the performance measures that were employed to evaluate the perceptual cost. The model analysis showed that the encoding ability of a neuronal population was improved when the directional difference between overlapping motions became greater. The property of the perceptual cost evaluated by the detection threshold could be well explained by the encoding ability of a simple population model. Therefore, it is suggested that this cost would be simply caused by the difficulty in parsing a whole population activity into each motion's component. However, the property of the perceptual cost evaluated by precisions was inconsistent with the model property.
What makes the discrepancy between the predicted and the experimentally obtained precision? One possibility is that the present model did not well describe the property of the population activity of motion detection neurons. In the present paper, we employed a simple population model individual neural responses in which were independent. Pouget and his colleagues argued that lateral interactions between neurons led to correlations of neuronal responses and suggested that the correlations should affect the estimation performances from population codes (Averbeck, Latham, & Pouget, 2006; Series, Latham, & Pouget, 2004) . In order to interpret the property of the perceptual cost evaluated by precisions, it might be necessary to considering the correlation effect among neurons. Another possibility is that the precision for direction estimation would be determined not only by the detectability of motion signals from population responses, but also by other neural mechanisms that work after decoding motion directions. In Experiment 1, the observers' task was not to report two overlapping directions separately, but to judge the angle between the two directions. Therefore, there is a possibility that the neural mechanism calculating a relative angle between decoded directions follows Weber's law. There would be several models that can explain the experimental results. However, additional experiments are necessary to discuss which model is the most appropriate. Future research should include introducing psychophysical experiments to reveal what mechanism determines the precision in motion transparency.
